Salmonella enterica serovar Heidelberg strains are frequently associated with food-borne illness, with recent isolates showing higher rates of resistance to multiple antimicrobial agents. One hundred eighty S. enterica serovar Heidelberg isolates, collected from turkey-associated production and processing sources, were tested for antimicrobial susceptibility and compared by pulsed-field gel electrophoresis (PFGE) and plasmid profile analysis. The potential for the transfer of resistance between strains was studied by conjugation experiments. PFGE analysis using XbaI digestion identified eight clusters (based on 90% similarity), with the largest containing 71% of the isolates. Forty-two percent of the isolates were resistant to at least 1 of the 15 antimicrobial agents tested, and 4% of the isolates were resistant to 8 or more antimicrobial agents. Resistances to streptomycin (32%), tetracycline (30%), and kanamycin (24%) were most commonly detected. Interestingly, the XbaI PFGE profiles of selective multidrug-resistant strains (n ‫؍‬ 22) of S. enterica serovar Heidelberg from turkey-associated sources were indistinguishable from the predominant profile (JF6X01.0022) detected in isolates associated with human infections. These isolates were further differentiated into seven distinct profiles following digestion with the BlnI enzyme, with the largest cluster comprising 15 isolates from veterinary diagnostic and turkey processing environments. Conjugation experiments indicated that resistance to multiple antimicrobial agents was transferable among strains with diverse PFGE profiles.
Salmonellosis is a significant health problem. In 1999, there were an estimated 1.4 million cases of Salmonella infections in the United States, which resulted in 17,000 hospitalizations and 585 deaths (18) . Since then, the overall rate of salmonellosis in the United States has decreased by approximately 9%; however, the rate of Salmonella enterica serovar Heidelberg infections increased by 25% over the same period (5) . S. enterica serovar Heidelberg ranks fourth among serotypes causing human salmonellosis (6) but is often the most commonly detected serotype among turkey and chicken Salmonella isolates submitted to the U.S. Department of Agriculture's National Veterinary Services Laboratory (NVSL) (10, 11) . Annually, human infections with S. enterica serovar Heidelberg lead to approximately 84,000 cases of salmonellosis and contribute to approximately 7% of the Salmonella-related deaths in the United States, the second highest percentage after S. enterica serovar Typhimurium (13, 15) . The most common source of S. enterica serovar Heidelberg infections is likely the consumption of undercooked or mishandled poultry products, such as turkey, chicken, and eggs (13) . Salmonella surveillance data collected in poultry processing plants as part of U.S. Department of Agriculture's Pathogen Reduction-Hazard Analysis Critical Control Point Program showed that 11.4% of broiler chickens and 7.1% of turkeys carried Salmonella infections in 2006 (23) . These findings, coupled with the fact that there has been a nearly fourfold increase in the per capita consumption of poultry products in the United States over the past half century (3) , indicate that the contamination of poultry products with S. enterica serovar Heidelberg is a major public health concern.
Surveillance data show that antimicrobial resistance among S. enterica serovar Heidelberg isolates has been rising. Data from the National Antimicrobial Resistance Monitoring System (NARMS) indicates that the percentage of S. enterica serovar Heidelberg isolates from humans and poultry (chicken and turkey) that were resistant to cephalosporins increased overall from 1997 to 2003. For example, in 1997, none of the isolates from humans and 1.6% of poultry isolates were resistant to ceftiofur (Tio); by 2003, the numbers increased to 5.2% and 7.4%, respectively (9) . This increase in cephalosporin resistance is likely associated with the spread of the AmpC ␤-lactamase, which is encoded by bla CMY (1, 26, 29) .
The bla CMY gene has been associated with transmissible plasmids, which is important for the spread of cephalosporin resistance (26) . In addition to cephalosporin resistance, Zhao et al. (28) found a number of S. enterica serovar Heidelberg isolates from retail meat that were resistant to additional agents, including ampicillin (Amp), amoxicillin-clavulanic acid (Amc), gentamicin (Gen), kanamycin (Kan), streptomycin (Str), sulfisoxazole (Sul), and tetracycline (Tet). Aarestrup et al. (1) were able to transfer bla CMY -mediated cephalosporin resistance along with resistance to Amp, Amc, chloramphenicol (Chl), Kan, Str, Sul, and Tet among S. enterica serovar Heidelberg strains (1). Welch et al. (25) recently described the sequence of a large transmissible Inc A/C plasmid from S. enterica serovar Newport carrying 11 resistance determinants, and there is evidence that similar plasmids are widely distributed in food isolates of various Salmonella serovars, including S. enterica serovar Heidelberg. The spread of multidrug resistance among S. enterica serovar Heidelberg isolates is a risk to the management of salmonellosis in both veterinary and human clinical practice. Therefore, an increased understanding of pathogen distribution and mechanisms of antimicrobial resistance transmission is important for development of strategies to limit salmonellosis due to multidrug-resistant strains. The main objective of this study was to characterize the distribution of antimicrobial resistance among S. enterica serovar Heidelberg isolated from turkey-associated sources. Isolates collected from multiple sources were compared using pulsedfield gel electrophoresis (PFGE) and antimicrobial susceptibility testing (AST) and subjected to plasmid analysis to compare plasmid profiles among isolates with different levels of resistance. A diverse selection of multidrug-resistant isolates was analyzed by conjugation to determine the potential for horizontal gene spread among S. enterica serovar Heidelberg isolates.
MATERIALS AND METHODS
Bacterial strains. One hundred eighty Salmonella enterica serovar Heidelberg isolates were collected from a diverse set of turkey-associated sources from 1992 to 2003 (Fig. 1) . A series of isolates originated from multiple locations on a single turkey farm, including waterers, litter, barn surfaces (walls, ventilation areas, fans, feed carts, floors, and door handles), and the ceca of turkeys raised on the farm, using methods described previously (19) . Isolates from veterinary diagnostic specimens were obtained from the NVSL and the North Dakota State Veterinary Diagnostic Laboratory. Additionally, isolates were recovered from processing plant carcass swabs and from retail ground turkey samples as described by Logue et al. (16) and Zhao et al. (28) , respectively. The isolates were stored in brain heart infusion broth and 20% glycerol at Ϫ80°C. Isolates were streaked on tryptic soy agar supplemented with 5% sheep's blood (blood agar; Remel, Lenexa, KS) and incubated (35°C for 18 to 24 h) for analysis.
PFGE. PFGE was performed using XbaI (Promega, Madison, WI) according to the protocol described by Ribot et al. (22) . Gel electrophoresis was carried out for 18 h at 200 V and 14°C, with an initial switch time of 2.16 s and a final switch time of 63.8 s. Restriction digestion patterns were analyzed using BioNumerics software (version 4.50; Applied Maths, Kortrijk, Belgium). The images were normalized to S. enterica serovar Braenderup H9812 in-run standards, and the relatedness of the gel band patterns was calculated using Dice-based coefficients with a 1% band tolerance and 1.56% optimization. A dendrogram was generated using the unweighted-pair group method with averages to determine relatedness between bacterial isolates. Additionally, a subset of isolates with identical genotypes following XbaI analysis (subcluster A1 in Fig. 1 ) was subjected to PFGE analysis following restriction with BlnI (Takara, Madison, WI), using the methods described above (22) .
AST. Agar disk diffusion AST was carried out as described by the CLSI (formerly NCCLS) (16) for the following antimicrobial agents: amikacin (Ami), Amc, Amp, cefoxitin (Fox), ceftriaxone (Axo), Chl, ciprofloxacin (Cip), Gen, Kan, nalidixic acid (Nal), Tio, Str, Sul, Tet, and trimethoprim-sulfamethoxazole (Sxt). The plates were incubated (35°C for 18 to 20 h), and the diameters of the zones of inhibition were measured and interpreted according to the CLSI guidelines (21) . Escherichia coli ATCC 25922 and ATCC 35218 were used as quality control strains.
Plasmid analysis. Plasmid DNA was isolated using the Wizard Plus SV Minipreps DNA purification system (Promega Corp., Madison, WI), following the manufacturer's protocols. Plasmids from isolates representing at least one member of each different susceptibility and PFGE profiles were also isolated by the method of Wang and Rossman (24) to detect the presence of large plasmids that may be associated with antimicrobial resistance (26) . Plasmid DNA was separated in 0.7% agarose gels prepared with Tris-borate-EDTA buffer (Fisher Biochemicals, Baltimore, MD) at 70 V for 3 h at room temperature and stained with ethidium bromide. A supercoiled DNA ladder (2-to 10-kb size; Promega Corp.) and isolated plasmids from E. coli NCTC 50192, which contains plasmids of well-characterized sizes, ranging from 7 to 154 kb (27) , were separated on gels to size the plasmids. The stained gels were visualized under UV light and analyzed to determine the plasmid sizes based on the relative degrees of migration to the corresponding size standards.
Conjugation experiments. S. enterica serovar Heidelberg 163, 696, and 710 were used as donor strains in filter mating experiments, using the method described by Clewell et al. (8) with minor modifications. The multidrug-resistant donor strains were susceptible to Nal and resistant to Amp and displayed distinct PFGE profiles. The recipient strain, S. enterica serovar Heidelberg 819, was resistant to Nal and susceptible to Amp. Overnight cultures of donor and recipient cells were prepared, and 0.5 ml of the recipient and 0.05 ml of the donor were added to 4.5 ml of fresh tryptic soy broth (Becton Dickinson, Sparks, MD). The mixtures were collected on 0.45-mm membrane filters (Millipore Corp., Burlington, MA). The filters were placed on blood agar plates and allowed to incubate (37°C for 18 to 20 h). Cells were removed from around each of the filters, suspended in tryptic soy broth, and spread on culture plates containing Nal (32 g/ml) and Amp (32 g/ml). The culture plates were incubated (37°C for 24 h) and observed for growth. Plasmid analysis (24) , AST (21), and resistance gene detection were performed on isolates that grew on plates containing both antibiotics to characterize the transconjugants. Resistance gene detection was carried out using 19 sets of primers and methods as described previously (17) . The resistance genes screened are indicated in Fig. 4A . Sequence-confirmed positive-control strains and no-template controls were included with each PCR run (17) . Class 1 integrons were also detected, and the resistance gene insert was identified by DNA sequencing as described previously (29) . S. enterica serovar Newport 21547 and 21548 were used as positive controls for the integron PCR (29) .
RESULTS AND DISCUSSION
In the current study of 180 isolates, 41% were resistant to at least one of the antimicrobial agents tested (Table 1 ). These numbers are higher than those observed among S. enterica serovar Heidelberg isolates collected from humans as part of the NARMS over the period that the majority of isolates in the present study were collected (1997 to 2003) (9) . Conversely, our resistance rates were lower than those observed for NARMS isolates from turkey and ground turkey, where typically more than 50% of isolates in a given year were resistant to at least one antimicrobial agent. In the present study, resistance was most often observed alone or in combination with Str (31%), Tet (29%), Gen (25%), Sul (21%), and Kan (21%). Additionally, five (3%) isolates were resistant to the extendedspectrum cephalosporin Tio. Thirty-one isolates (17%) were resistant to at least five antimicrobial agents. There were 26 different susceptibility profiles detected among the isolates from the turkey-associated strains of S. enterica serovar Heidelberg examined, with the most common multidrug resistance profile observed displaying resistance to Tet, Gen, Sul, Kan, Amp, and Str (7.2%). Interestingly, many of these isolates with the common multidrug resistance profile are closely related by PFGE to a large group of pansusceptible isolates, differing from one another by a single band.
Overall, 48 different XbaI PFGE patterns were observed among the 180 isolates (Fig. 1) . The patterns were assigned to eight clusters (A to H) based on 90% similarity. For analysis, a cluster was defined as containing at least three isolates. The largest was cluster A, which contained 127 isolates (71%) obtained on the farm and from processing plants (Fig. 1) . The remaining isolates were grouped into clusters B (n ϭ 3; 2%), C (n ϭ 9; 5%), D (n ϭ 3; 2%), E (n ϭ 9; 5%), F (n ϭ 4; 2%), G (n ϭ 3; 2%), and H (n ϭ 4; 2%). There were 18 unique profiles that did not fall into any of the eight clusters. When the results of the AST were compared to PFGE clusters, there were some interesting dichotomies found. For instance, within cluster A, there were two larger subclusters (A1 and A2) that differed by a single band. The subclusters were defined as isolates with more than 99% similarity to one another based on XbaI PFGE fingerprint patterns. Subcluster A1 contained 22 isolates with identical PFGE profiles, all of which originated from the upper Midwestern United States, from either a veterinary diagnostic laboratory or one of two turkey processing plants. Seventeen of these isolates were resistant to at least five antimicrobial agents, while only three were pansusceptible. Isolates in subcluster A1 shared their PFGE profiles with the most commonly detected XbaI pattern (JF6X01.0022) reported to the Center for Disease Control and Prevention's PulseNet program (personal communication with PulseNet staff).
Because of the similarity of PFGE profiles of a number of the multidrug-resistant isolates to the PulseNet JF6X01.0022 pattern, further discrimination was sought to determine whether the isolates in subcluster A1 were clonal. In an attempt to further distinguish among isolates in subcluster A1, the isolates were digested with BlnI and subjected to PFGE analysis. Subcluster A was separated into seven different profiles by BlnI PFGE analysis (Fig. 2) ; however, the majority of isolates (15/22) remained indistinguishable. The results demonstrated the utility of using an additional enzyme to distinguish among apparently clonal S. enterica serovar Heidelberg isolates in clusters of interest, as observed in reports for other enteric pathogens (12) . However, because of the additional costs associated with the multiple-enzyme PFGE approach, this study utilized the two-enzyme approach for the isolates in subcluster A1, which were of special interest due to their similarity to isolates from human infections and increased levels of antimicrobial resistance. Interestingly, the isolates in subclus-FIG. 1. XbaI PFGE, antimicrobial susceptibility, and plasmid profiles of S. enterica serovar Heidelberg isolates from turkey-related sources, including ceca, waterers, litter, barn surfaces, veterinary diagnostic areas, processing plants, and retail ground turkey. PFGE clusters A to H are defined by members sharing 90% similarity. Cluster A has two large subclusters (A1 and A2) in which the isolates share more than 99% similarity. Resistant isolates are indicated by black boxes, intermediate-susceptible isolates by dark gray boxes, and susceptible isolates by light gray boxes. The years of isolation and states of origin are indicated in the Year and State columns, with the states listed by standard postal abbreviations, except for MW*, which represents isolates originating from processing plants in the upper Midwestern portion of the United States. The plasmid profile results presented are the sizes of plasmids (kb) detected following isolation with the Wizard Plus SV Minipreps DNA purification system. In a number of isolates, no plasmids were detected following isolation; these plasmids are designated ND. Representative isolates were selected for additional analysis to identify larger plasmids (Fig. 3) . ter A1 originated over a 9-year period, and even following the BlnI restriction analysis, two veterinary diagnostic isolates (712 and 720) remained clustered with 13 isolates from two different processing plants (Fig. 2) . The results suggest that S. enterica serovar Heidelberg clones may have persisted in the turkey population in the Midwestern portion of the United States for multiple years. In subcluster A2, there were 81 isolates that originated from turkeys and sites on a West Virginia farm. The majority of the isolates (64/81) in cluster A2 did not demonstrate resistance to any of the antimicrobial agents tested (Fig. 1) . This genotypic and phenotypic similarity likely indicates that there is dissemination of a particular genotype of S. enterica serovar Heidelberg throughout the production environment and among the birds present on the farm (20) . The low level of resistance observed in these isolates was likely due to the fact that no antimicrobials were administered to the birds either by feed or by water during their production (19) . There were, however, some isolates collected from the facility and birds that were resistant to multiple antimicrobials, with the isolate displaying the greatest level of resistance being resistant to four antimicrobial agents (Str, Sul, Sxt, and Tet). The large number of highly susceptible isolates from the single farm reduced the overall level of resistance detected among the turkey-associated isolates, which likely provides insight into why the overall level of resistance detected among the isolates in this study is lower than that detected in the NARMS program for turkeyassociated samples (9) .
The presence of subclusters A1 and A2, with very similar PFGE profiles yet significantly different susceptibility patterns, suggests differences in the carriage of resistance plasmids by isolates in these two subclusters. The initial plasmid isolation results obtained using a commercial kit did not identify any large plasmids (Ͼ100 kb), which are often associated with multidrug resistance (Fig. 1) . Hence, a more intensive plasmid isolation protocol (24) was used to screen isolates representing each susceptibility and PFGE profile to determine the prevalence of larger plasmid profiles. A number of Salmonella enterica serovar Heidelberg isolates harbored high-molecularweight plasmids (Ͼ100 kb) (Fig. 3) . Seventeen isolates screened were resistant to five or more antimicrobial agents, and of these, nine (53%) contained plasmids greater than 100 kb. Among the isolates resistant to fewer than five antimicrobials, 38% (19/50) contained plasmids of at least 100 kb. These observations suggest that in some isolates either multidrug resistance is not carried on large plasmids or even with the more robust isolation methods some larger plasmids could not be isolated. Conversely, the presence of large plasmids in large, antimicrobial-susceptible strains may indicate the potential for the presence of large accessory plasmids, such as those associated with virulence, that have been reported to occur in other enteric bacteria (14) . The current study did not characterize these large plasmids to confirm their identity.
The next two largest clusters detected in the study were clusters C and E, with each containing nine isolates. Both clusters contain isolates from different sampled sources and geographical locations. Cluster C contained cecal isolates from the West Virginia farm, with diagnostic isolates from the NVSL originating from Arkansas and Missouri, slaughter plant isolates from the upper Midwest, and ground turkey meat isolates from Minnesota and Tennessee. Cluster E contained NVSL diagnostic isolates originating from Arkansas, Illinois, North Carolina, Missouri, and Ohio, a slaughter plant isolate from the upper Midwest, and ground turkey meat isolates from Maryland. The isolates in each cluster demonstrated variable antimicrobial susceptibility profiles, with six different AST profiles in each of the clusters. All of the isolates in cluster E were resistant to at least one antimicrobial agent, whereas five iso- Conjugation studies were done to determine the extent of resistance carried on transmissible plasmids. Plasmids carrying ␤-lactam resistance genes were readily transferred under the selective pressure of Amp, along with genes encoding resistance to aminoglycosides (Str and Kan) and Sul (Fig. 4A) . Isolate 696, from subcluster A1, was shown to be able to conjugally transfer resistance to a recipient strain, which initially demonstrated limited resistance (Tet and Nal). Therefore, it appears likely that resistance, for at least some of the isolates in subcluster A1, is carried on a large, mobile resistance plasmid (approximately 120 kb) (Fig. 4B) . Additionally, isolate 163 in cluster E was also able to transfer multipleantimicrobial resistance genes to recipient isolate 819, which is in the same PFGE cluster. One isolate (710) that did not fall into specific PFGE clusters was also able to transfer multipleantimicrobial resistance genes to a recipient via conjugation, indicating that multidrug resistance plasmids were able to be transferred among closely related as well as more-distantly related strains of S. enterica serovar Heidelberg. Similar findings indicating that conjugative plasmids can play a role in resistance transfer among S. enterica serovar Heidelberg strains have been reported (1). Zhao et al. (29) found that the bla CMY and aadA genes, encoding resistance to ␤-lactams and Str, respectively, were located on conjugative plasmids in S. enterica serovar Newport. Our results correspond with these findings, with all of the donors and transconjugants containing bla CMY and aadA. In addition, each the strains contained bla TEM , aphA1, strA, strB, sul1, sul2, tetA, and tetB, which are associated with resistance to certain ␤-lactam agents, aminoglycosides, sulfonamides, and tetracyclines (Fig. 4A) . In our study, there were some small differences in the resistance phenotypes that were transferred among strains; however, we did not detect differences in the resistance genes that were transferred from each of the donor strains to the recipients. This finding likely indicates that either additional genes were not detected or differences in gene expression occurred in the different genetic backgrounds. Plasmid-sequencing studies will need to be carried out to determine the exact differences among the plasmids and detect whether the isolates share a common genetic backbone with additional resistance genes incorporated through horizontal gene transfer.
All of the isolates resistant to Tio contained plasmids greater than 100 kb (Fig. 3) , consistent with the reported sizes of bla CMY -positive plasmids from various sources (4, 7, 25, 30) . These larger plasmids likely carried the bla CMY gene, which was observed in the conjugation experiments and through sequence analysis of plasmids from other Salmonella serovars (25) . The resistance genes present on the plasmids were similar FIG. 3 . Comparison of antimicrobial susceptibility and high-molecular-weight plasmid profiles of S. enterica serovar Heidelberg. Plasmid profile results from isolates representing at least one member of each different susceptibility and PFGE profile group are illustrated using procedures described by Wang and Rossman (24 (25) . It should be noted that, at the time of submission of this article, a compete sequence for S. enterica serovar Heidelberg resistance plasmid has yet to be reported. Overall, the study indicates that antimicrobial resistance is a problem among S. enterica serovar Heidelberg isolates from turkey-associated sources due to the presence of transferable multidrug resistance plasmids. The PFGE similarity between human and turkey-associated multidrug-resistant strains of S. enterica serovar Heidelberg is cause for concern. The presence of multiple-antimicrobial resistance genes on a single transmissible plasmid raises concerns, in part because an agent that is used routinely on the farm for growth promotion, disease prophylaxis, or disinfection may select for resistance to a critically important antimicrobial agent used in human medicine, which in turn would lead to increased difficulty in treating severe salmonellosis. Thus, multidrug-resistant S. enterica serovar Heidelberg is a potential emerging health concern that should be closely monitored to minimize future health impacts.
In summary, our findings show that antimicrobial resistance and PFGE banding patterns in S. enterica serovar Heidelberg from turkey-associated sources can vary significantly by source and region; however, certain groups of isolates show commonality with isolates causing human infections. In addition, our data indicated that large, transferable, bla CMY -positive plasmids (Ͼ100 kb) mediate the Tio and multidrug resistance in S. enterica serovar Heidelberg strains, which concurs with previous findings from other enteric bacterial species from the United States and other countries. In order to understand the molecular events leading to plasmid-mediated multidrug resistance in S. enterica serovar Heidelberg, further studies for determination of whole-plasmid DNA sequences are necessary. This will reveal the range of plasmid backbones extant in salmonellae and the diversity of advantageous traits underlying The following genes were screened (the drugs for which they encode resistance are indicated in parentheses): aadA1, aadA2, strA, and strB (Str); accC and aadB (Gen); aphAI-IAB (Kan); bla CMY (Amp, Amc, Tio, and Axo); bla TEM (Amp); cat1, cat2, and floR (Chl); sul1, sul2, and sul3 (Sul); dhfr1 (Sxt); and tetA, tetB, and tetC (Tet). The "Integron" column indicates the presence or absence of a class 1 integron in the strains. Panel B illustrates the plasmid profiles of donor, recipient, and transconjugant strains. Lane MWS contains a BAC-Tracker supercoiled DNA ladder (Epicentre, Madison, WI) size standard used to size plasmids in the conjugation experiments (kb).
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SEROVAR HEIDELBERG FROM TURKEY-ASSOCIATED SOURCES 5045 multidrug resistance. This genetic information will aid in the development of public health interventions designed to limit the spread of antimicrobial resistance in food animal production and processing environments.
